Sugar-sugar glycosyltransferases play an important role in structural diversity of small molecule glycosides in higher plants. We isolated a cDNA clone encoding a sugar-sugar glucosyltransferase (CaUGT3) catalyzing 1,6-glucosylation of fl avonol and fl avone glucosides for the fi rst time from Catharanthus roseus. CaUGT3 exhibited a unique glucosyl chain elongation activity forming not only gentiobioside but also gentiotrioside and gentiotetroside in a sequential manner. We investigated the functional properties of CaUGT3 using homology modeling and site-directed mutagenesis, and identifi ed amino acids positioned in the acceptor-binding pocket as crucial for providing enough space to accommodate fl avonoid glucosides instead of fl avonoid aglycones. These results provide basic information for understanding and engineering the catalytic functions of sugar-sugar glycosyltransferases involved in biosynthesis of plant glycosides.
Introduction
Plants have the ability to produce a large variety of secondary metabolites, such as terpenoids, phenylpropanoids, fl avonoids and alkaloids, most of which are potentially useful not only as pharmaceuticals and their leads but also as pigments, fl avors, insecticides, etc. In particular, fl avonoids are one of the most characteristic classes of compounds in higher plants. They are distributed ubiquitously in plants, including in mosses and ferns, and are among the most intensely studied secondary product groups, with > 6,000 known species ( Packer 2001 ) . Many of them play important roles as pigments in fl owers and fruits, UV-B protectants, signaling molecules between plants and microbes, and regulators of auxin transport (Dixon et al. 1995, Harborne and Williams 2000 ) . The fl avonoids also have antioxidant, antiallergenic, anti-infl ammatory and neuropharmacological activities, thus contributing to human health ( Lee et al. 2007 , Bischoff 2008 . Although there are many differentially substituted fl avonoid aglycones, a vast array of structural variations within the fl avonoids comes from sequential modifi cations of the fl avonoid core structure by glycosylation, acylation, methylation, and so on.
Glycosylation is often the fi nal step in the biosynthesis of plant secondary metabolites and is catalyzed by a family 1 glycosyltransferase (UGT) that attaches a sugar molecule from a uridine 5 ′ -diphosphosugar (UDP-sugar) to a low molecular weight acceptor substrate ( Vogt and Jones 2000 , Lim and Bowles 2004 , Gachon et al. 2005 . Since glycosylation of secondary metabolites enhances water solubility, improves chemical stability and alters biological activity, glycosylation using recombinant UGTs has attracted considerable research interest, and much effort has recently gone into cloning and characterization of a substantial set of UGTs that transfer sugar moieties to the OH and/or COOH group of aglycones from various plant sources ( Lim 2005 ). In contrast, few studies have centered on sugar-sugar UGTs that attach additional sugar groups to an existing sugar moiety of glycosides, in spite of the fact that a large proportion of the structural diversity in fl avonoids arises from attachment of additional sugar groups to existing sugar moieties of fl avonoid glycosides, which yields a large number of combinations of sugars and binding positions. In addition, the attachment of additional sugars to fl avonoid glycosides sometimes modifi es physiological properties such as color ( Morita et al. 2005 ) and taste perception ( Frydman et al. 2004 ) . As far as fl avonoid glycosides are concerned, only the cDNAs encoding anthocyanidin 3-O -glucoside 1,2-glucosyltransferase (yielding 3-O -sophoroside) from Ipomoea nil ( Morita et al. 2005 ) , anthocyanidine 3-O -glucoside 1,2-glucuronyltransferase from Berris perennis ( Sawada et al. 2005 ) and fl avanone 7-O -glucoside 1,2-rhamnosyltransferase (yielding 7-O -neohesperidoside) from Citrus maxima ( Frydman et al. 2004 ) have been thus far cloned and functionally characterized. Although various fl avonoid gentiobiosides have been isolated from various sources of higher plants (e.g. Moriyama et al. 2003 , Nagarajan et al. 2006 , none has been reported for fl avonoid glucoside 1,6-glucosyltransferase.
Previously, we showed that Catharanthus roseus cell suspension cultures were capable of sequentially glucosylating exogenously supplied curcumin to form a series of curcumin glucosides ( Kaminaga et al. 2003 ) . A cDNA encoding the fi rst UGT transferring a glucosyl residue toward one of the two hydroxyl groups of curcumin, UDP-glucose:curcumin glucosyltransferase (UCGT), was earlier cloned and characterized from C. roseus cell suspension cultures ( Kaminaga et al. 2004 ). The second UGT catalyzing glucosyl transfer toward the 6 ′ -hydroxyl group of the glucose moiety of curcumin glucoside to form curcumin gentiobioside, UDP-glucose:curcumin glucoside glucosyltransferase (UCGGT), has been purifi ed to apparent homogeneity from C. roseus cultured cells ( Oguchi et al. 2007 ) . It was also shown that C. roseus cells in culture were capable of glucosylating exogenously added hydroquinone to arbutin quite effi ciently ( Yokoyama et al. 1990 ). Recently Shimoda et al. (2007) reported that C. roseus cell suspension cultures glycosylated capsaicin and 8-nordihydroxycapsaicin to their monoglucosides together with some minor glycosylated products. These results suggest that C. roseus cells may be a suitable source for mining the genes encoding plant secondary product glycosyltransferases, and prompted us to isolate cDNA clones encoding fl avonoid glucoside 1,6-glucosyltransferase.
In the present study, we found that C. roseus cells have the ability to glucosylate exogenously supplied quercetin to form structurally diversifi ed compounds including quercetin monoglucosides, diglucosides and gentiobiosides. Three cDNAs encoding UGTs (CaUGT3, CaUGT4 and CaUGT5) were isolated from a cDNA library of cultured C. roseus cells, using degenerate primers designed to match the plant glycosyltransferase conserved motif, the PSPG-box (plant secondary product glycosyltransferase consensus motif; Hughes and Hughes 1994 ) . Functional expression of the gene products in Escherichia coli demonstrated that the recombinant CaUGT3 catalyzed the sequential sugar chain elongation from quercetin 3-O -glucoside to quercetin 3-O -gentiobioside, gentiotrioside and gentiotetroside. Furthermore, a model of CaUGT3 docking with substrates was constructed using a coordinate of the plant glucosyltransferase crystral structure VvGT1 ( Offen et al. 2006 ) to gain insight into the molecular structure governing acceptor specifi city of this sugar-sugar glycosyltransferase.
Results

Glycosylation of quercetin in cultured cells of C. roseus
We examined biotransformation of quercetin to fi nd whether cultured cells of C. roseus have the activity to produce fl avonoid gentiobiosides from exogeneously added fl avonoid aglycones. Suspension cultures were supplied with quercetin 48 h after addition of methyl jasmonate (MJ). The cells were harvested 0, 8, 24, 48, 72 and 96 h after addition of quercetin and extracted with methanol. The cell extracts were subjected to liquid chromatography-mass spectrometry (LC-MS) analysis. A peak identifi ed as quercetin 3-O -glucoside [retention time, 20.0 min; dominant ions, m / z 463.0 (M-H), 300.9 (M-H-glucose)] was detected as a major biotransformation product in the cellular extract of both the MJ-treated and non-treated cells, whereas a peak corresponding to quercetin 3-O -gentiobioside [retention time, 17.8 min; dominant ions, m / z 625.5 (M-H), 300.9 (M-H-2 × glucose)] was detected only in the cellular extract of the MJ-treated cells ( Fig. 1 ). Although we screened for the glucosylation activity toward quercetin in Arabidopsis thaliana and Gardenia jasminoides cell cultures, the peak corresponding to quercetin 3-O -gentiobioside was detected in neither of the two cell cultures (data not shown).
Cloning and characterization of glucosyltransferase cDNAs from a C. roseus cDNA library
A cDNA library constructed from the MJ-treated C. roseus cultured cells was used as a template in PCRs with a 5 ′ -nonspecifi c sense primer (T3 primer) complementary to a λ ZAP II sequence, and antisense degenerate primers (HC-R primer and GC-R primer) designed on the basis of the highly conserved amino acid sequence among plant secondary product glycosyltransferases (PSPG-box). The nested PCR products corresponding to the 5 ′ side of the cDNAs with expected sizes of about 1,200 bp were subcloned into the pCR2.1-TOPO vector and 17 clones were randomly selected for sequencing. Homology search using the BLASTX algorithm revealed that of the 17 clones the tag sequences obtained from 10 clones were similar to various glycosyltransferases. These clones were classifi ed into four different groups. The nucleotide sequence of one group was identical to that of CaUGT2 isolated from C. roseus previously ( Kaminaga et al. 2004 ). Full-length clones corresponding to the other three groups were isolated by amplifi cation of 3 ′ DNA ends with sequence-specifi c sense primers and a 3 ′ -non-specifi c antisense primer (T7 primer) complementary to a λ ZAP II sequence. The resulting clones were designated CaUGT3-CaUGT5 ( Catharanthus roseus glycosyltransferase 3-5). CaUGT3 (1,365 bp) contains an open reading frame (ORF) corresponding to a protein of 454 amino acids in length with a predicted molecular mass of 51.0 kDa; CaUGT4 (1,410 bp) contains an ORF corresponding to a protein of 468 amino acids in length with a predicted molecular mass of 52.7 kDa; and CaUGT5 (1,377 bp) contains an ORF corresponding to a protein of 458 amino acids in length with a predicted molecular mass of 51.0 kDa. The amino acid sequence identity Flavonoid glucoside 1,6-glucosylltransferase between CaUGT3 and CaUGT4 was 73 % , whereas CaUGT3 vs. CaUGT2, and CaUGT5 showed very low similarity (29 and 25 % , respectively). CaUGT3 and CaUGT4 revealed the highest identity to UDP-glucose:( + )-sesaminol 2-O -glucoside 1,6-glucosyltransferase from Sesamum indicum ( Noguchi et al. 2008 ) . CaUGT5 displayed homology to chalcone 2 ′ -Oglucosyltransferase from Dianthus caryophllus ( Ogata et al. 2004 ) . The UGT phylogenetic tree indicates that CaUGT3 and CaUGT4 belong to subfamily A, as shown in Fig. 2 . Since UGTs in this subfamily catalyze sugar chain elongation of fl avonoid glycosides or anthocyanins (Bowles et al. 2005) , we predicted that CaUGT3 and/or CaUGT4 exhibit glucosyltransferase activity toward fl avonoid glucoside.
Enzymatic activity of the recombinant enzymes toward quercetin 3-O-glucoside
To examine the catalytic function of CaUGT3, the ORF was expressed in E. coli as an N-terminal fusion protein with a His 6 tag. Enzyme assays were performed with the purifi ed recombinant protein using either quercetin or quercetin 3-O -glucoside as an acceptor substrate in the presence of UDP-glucose ( Fig. 3 ) . A main product (Q1) of the CaUGT3 reaction revealed a retention time and a UV absorption spectrum identical to those of quercetin 3-O -gentiobioside. The mass fragment pattern of Q1 was also consistent with that of quercetin 3-O -gentiobioside [retention time, 4.9 min; dominant ions, m / z 625.5 (M-H), 300.9 (M-H-2 × glucose)].
Fig. 2
Non-rooted molecular phylogenetic tree of plant UGTs. The tree was constructed from a CLUSTALW program multiple alignment using the neighbor-joining method of MEGA 4. Bar = 0.1 amino acid substitutions per site. The names and DDBJ/GenBank/EBI accession numbers of UGTs used for the alignment are shown in Supplementary Table S5 . (1), reaction products of CaUGT3 using quercetin 3-O -glucoside as an acceptor substrate. In the 120 min incubation, the concentrations of the recombinant enzyme and UDP-glucose were increased 2-fold over those of the ordinary reaction. The peaks indicated by arrows are estimated to be quercetin 3-O -gentiobioside (pink), quercetin 3-O -gentiotrioside (blue) and quercetin 3-O -gentiotrioside (green). (B) LC-MS spectra of the products corresponding to peaks Q1 (bottom) and Q2 (top) scanned the daughter ion of 625.5 and 788.1. (C) LC-MS spectra of the products corresponding to peak Q3 scanned the parent ion of 300.9. Q3G, quercetin 3-O -glucoside; Q3Gen, quercetin 3-O -gentiobioside.
The 1 H-nuclear magnetic resonance (NMR) spectrum of the product Q1 isolated by preparative HPLC was completely identical to that of quercetin 3-O -gentiobioside ( Su et al. 1987 ) . In addition, the heteronuclear multiple bond connectivity (HMBC) spectrum exhibited correlation of the H-1b signal of glucose with the C-6a of glucose, consistent with covalent linkage between two glucose moieties in a β -Dglucopyranosyl-(1 → 6)-β -D -glucopyranoside structure. Thus, Q1 was unambiguously identifi ed as quercetin 3-O -gentiobioside. Additional products (Q2 and Q3) were detected when the reaction was carried out with increased amounts of UDP-glucose and recombinant CaUGT3 for a prolonged period of time ( Fig. 3 ) . The time-course pattern clearly indicated that quercetin 3-O -glucoside was fi rst glucosylated to quercetin 3-O -gentiobioside, which was then further converted to the compounds Q2 and Q3. Based on the MS data Q2 and Q3 were tentatively identifi ed as quercetin 3-O -gentiotrioside [retention time, 4.3 min; dominant ions, m / z 788.1 (M-H), 300.9 (M-H-3 × glucose)] and quercetin 3-O -gentiotetroside [retention time, 3.9 min; dominant ions, m / z 949.0 (M-H), 787.7 (M-H-glucose)], respectively. No product was detected when the quercetin aglycone was used as an acceptor substrate. These results clearly demonstrated that CaUGT3 catalyzes the sequential chain elongation from quercetin 3-O -glucoside to quercetin 3-O -gentiobioside, gentiotrioside and gentiotetroside. The recombinant CaUGT4 also exhibited 1,6-glucosyltransferase activity toward quercetin 3-O -glucoside, but no further characterization was performed because its activity was much lower than that of CaUGT3. No product was detected in the reaction of the recombinant CaUGT5 with quercetin 3-O -glucoside (data not shown).
Substrate specifi city of CaUGT3
The glucosyl acceptor specifi city of CaUGT3 was examined using various phenolic glycosides shown in Fig. 4 . HPLC analysis revealed the formation of a product with higher water solubility than the substrate when fl avonoid glucosides were used as acceptor substrates, whereas such products were produced only in trace amounts from other phenolic glucosides including anthocyanin (cyanidin 3-O -glucoside). No activity was detected when fl avonol galactoside (kaempferol 3-O -galactoside and quercetin 3-O -galactoside), fl avonol rhamnoside (quercetin 3-O -rhamnoside) or fl avone glucuronide (baicalein 7-O -glucuronide) was used as a glucosyl acceptor substrate.
A product peak detected when CaUGT3 was incubated with kaempferol 3-O -glucoside displayed a retention time and UV spectrum consistent with those of authentic kaempferol 3-O -gentiobioside. The products from myricetin 3-O -glucoside, apigenin 7-O -glucoside and luteolin 7-Oglucoside were also tentatively identifi ed as their gentiobiosides. CaUGT3 exhibited no activity with UDP-galactose, UDP-glucuronic acid or UDP-rhamnose as a glycosyl donor substrate.
Reaction of CaUGT3 with curcumin 4 ′ -O -glucoside yielded not only curcumin 4 ′ -O -gentiobioside but also the highly polar products, C1 and C2 (Supplementary Fig. S1 ). The time-course pattern of product formation clearly indicated that curcumin 4 ′ -O -glucoside was fi rst glucosylated to curcumin 4 ′ -O -gentiobioside, which was then further converted to the compound C1. The compound C2 was generated in the enzymatic reactions with increased amounts of recombinant CaUGT3 for a longer incubation time. C1 and C2 were tentatively identifi ed by LC-MS as, respectively, cur-
No product was detected when the curcumin aglycone was used as an acceptor substrate.
CaUGT3 also produced a product peak corresponding to sesaminol 2-O -gentiobioside together with the second product presumably estimated to be sesaminol 2-O -gentiotrioside, when incubated with sesaminol 2-O -glucoside, a lignan glucoside from S. indicum (data not shown).
Kinetic characterization of CaUGT3 activity
Kinetic parameters of CaUGT3 for various fl avonoid and curcumin glucosides were determined based on the pseudosingle substrate kinetics using UDP-glucose as a sugar donor substrate ( Table 1 ). The K m values were within the range of 0.14-1.1 mM, except for cyanidin 3-O -glucoside. The k cat / K m ratio was highest for kaempferol 3-O -glucoside followed by quercetin 3-O -glucoside and apigenin 7-O -glucoside. The ratios for liquiritigenin 4 ′ -O -glucoside (liquiritin) and genistein 7-O -glucoside (genistin) were much lower compared with those for fl avonol and fl avone glucosides. The K m value and the k cat / K m ratio for quercetin 3-O -gentiobioside was about 5-fold higher and <1 % , respectively, compared with those for quercetin 3-O -glucoside. In contrast, the K m for curcumin 4 ′ -O -gentiobioside was similar to that for curcumin 4 ′ -O -glucoside and the k cat / K m was about 25 % of that for the curcumin 4 ′ -O -glucoside.
Homology modeling, docking simulation and sitedirected mutagenesis of CaUGT3
A homology model of CaUGT3 docked with quercetin 3-Oglucoside and UDP-glucose was constructed using a coordinate of a tertiary structure of Vitis vinifera fl avonoid 3-O -glucosyltransferase, VvGT1, crystallized with an acceptor substrate kaempferol ( Offen et al. 2006 ) ( Fig. 5A, B ) . The CaUGT3 amino acid sequence has approximately 18 % overall sequence identity to VvGT1. The structure of the model takes a GT-B-fold conformation comprising two distinct domains of the N-and C-terminal parts, which form a deep cleft accommodating the sugar donor and sugar acceptor substrates. The sugar acceptor is positioned interacting with the amino acid residues in the N-terminal domain while the sugar donor mainly interacts with the residues in the C-terminal region. The U dock of the model is -32.84 kcal mol -1 . The 6-OH of the glucose molecule in quercetin 3-Oglucoside is located just above the C1 ′ atom of UDP-glucose (4.4 Å), and points to the ε -N atom of His24 (3.2 Å), which acts as a general base for deprotonation from the OH group of the acceptor molecule ( Fig. 5D ). These distances were within the range reported for the crystal structures of plant UGTs ( Shao et al. 2005 , Offen et al. 2006 as shown in Fig. 5C .
Comparison of the acceptor pocket of the CaUGT3 model with that of VvGT1 revealed that substitutions of Phe121 and Phe200 in VvGT1 to His125 and Asn206, respectively, in CaUGT3 probably provide CaUGT3 with a wider acceptorbinding pocket for fl avonol 3-O -glucoside compared with VvGT1 ( Fig. 6 ) . Furthermore, the imidazole N-atom of His125 was within hydrogen-bonding distance (3.6 Å) to the 4-OH of the glucose molecule of quercetin 3-O -glucoside ( Fig. 6E ) , thus contributing to stable accommodation of the acceptor substrate in the pocket. To test these hypotheses, fi ve mutant proteins were prepared by site-directed mutagenesis and assayed for catalytic activity toward quercetin 3-O -glucoside ( Table 2 ). The Asn206Phe mutant displayed a Flavonoid glucoside 1,6-glucosylltransferase slight decrease in the k cat / K m ratio (about 28 % of the wildtype CaUGT3), whereas the ratio of the His125Phe mutant was drastically decreased to <0.2 % of the wild-type CaUGT3. The catalytic activity of the His125Asp mutant was also drastically decreased, whereas the His125Asn mutant retained 10 % activity of the wild-type enzyme. We also examined the catalytic activities of the mutated Asn206Phe and His125Phe mutants toward quercetin and curcumin, but neither of the two mutant enzymes glucosylated these aglycone substrates.
Expression of the CaUGT genes in C. roseus
Expression of CaUGT3 mRNA was examined in different plant organs and cell cultures by Northern blotting, and compared with CaUGT2. To avoid cross-hybridization between CaUGTs, the specifi city of probes was confi rmed by Southern blotting toward each CaUGT-harboring plasmid. Transcripts of CaUGT3 were detected only in leaves, whereas CaUGT2 transcripts were expressed in fl owers and leaves, and to a lesser extent in stems and roots ( Fig. 7A ). We also examined MJ-induced gene expression in cell cultures of C. roseus . As shown in Fig. 7B , the expression of CaUGT3 was rapidly induced by addition of MJ to the cell cultures, and the pattern of induction was similar to that of CaUGT2.
Discussion
In the present study homology-based cloning using a characteristic motif defi ning family 1 UGTs from prokaryotic and eukaryotic organisms ( Hughes and Hughes 1994 ) led to isolation of cDNAs encoding three novel UGTs (CaUGT3-CaUGT5) from C. roseus cells in culture. Biochemical analysis revealed that both CaUGT3 and CaUGT4 catalyzed 1 → 6 glucosylation toward the sugar moiety of quercetin 3-O -glucoside, although the enzymatic activity of CaUGT4 is much less than that of CaUGT3. To our knowledge this is the fi rst report describing cDNA cloning and characterization of fl avonoid glucoside 1,6-glucosyltransferase. CaUGT3 exhibited glucosyl transfer activity toward various fl avonol and fl avone glucosides, with the highest catalytic specifi city toward kaempferol 3-O -glucoside. The number of hydroxyl groups in the B-ring seems to be an important factor determining glucosylation activity, especially by affecting k cat values, because the activities toward myricetin 3-O -glucoside and luteolin 7-O -glucoside were much less compared with kaempferol 3-O -glucoside and apigenin 7-O -glucoside, respectively. The activities toward isofl avone glucoside and fl avanone glucoside were 15 and 6 % , respectively, of that toward quercetin 3-O -glucoside, and only trace activity was detected toward cyanidin 3-Oglucoside. The CaUGT3 hardly catalyzed the glucosylation of other phenolic glucosides, except for curcumin glucoside and sesaminol glucoside. The enzyme did not catalyze the glucosyl transfer to sugar moieties other than glucose. Thus, it was shown that CaUGT3 recognizes both aglycone and sugar structures of acceptor substrates and is a fl avonoid (fl avonol/fl avone) glucoside 1,6-glucosyltransferase. It is interesting to note that CaUGT3 can conjugate the second and third glucose molecule to the glucose moiety of the acceptors to form gentiotriosides and gentiotetrosides. Such a chain elongation activity has not been described for other sugar-sugar glycosyltransferases. However, it is not clear whether such chain elongation is carried out under physiological conditions or can be observed only when large amounts of the recombinant sugar-sugar glycosyltransferases are used for enzymatic reactions. It is also interesting that UGT94D1 from S. indicum , a phylogenetically close UGT to CaUGT3, specifi cally glucosylates a lignan glucoside sesaminol 2-O -glucoside ( Noguchi et al. 2008 ) whereas CaUGT3 is capable of catalyzing 1,6-glucosylation of both sesaminol 2-O-glucoside and fl avonoid glucosides, although further kinetic analysis was not performed because of limited availability of sesaminol-2-O -glucoside. 3D structures of enzymes provide valuable information to understand substrate specifi city and to engineer the enzymes with novel specifi city and/or improved catalytic function. Homology modeling constitutes an attractive alternative for the study of tertiary structures when enough data on crystal structures are not available. As for plant UGTs, homology models of UGT73A5 from Drotheanthus bellidiformis ( Hans et al. 2004 ) and Sorghum bicolor UGT85B1 ( Thors ø e et al. 2005 ) were constructed using coordinates of the bacterial UGTs. Crystal structures of four plant UGTs, UGT71G1 from Medicago truncatula ( Shao et al. 2005 ) , VvGT1 from V. vinifera ( Offen et al. 2006 ) , UGT85H2 from M. truncatula ( Li et al. 2007 ) and UGT72B1 from A. thaliana ( Brazier-Hicks et al. 2007 ) have been recently published and can be used as structural templates for reliable modeling of plant UGTs. Although all of the four crystallized UGTs are sugar-aglycone glycosyltransferases, Osmani et al. (2008) succeeded in constructing a reliable model of UGT94B1 from Bellis perenis , catalyzing the synthesis of a glucuronosylated cyanidin 3-O -glucoside, using coordinates of the crystal structures of UGT71G1 and VvGT1. The amino acid sequence of UGT94B1 was 26 and 20 % identical to that of UGT71G1 and VvGT1, respectively. In the present study we constructed a homology-based model structure of CaUGT3 docked with quercetin 3-Oglucoside and UDP-glucose based on the VvGT1 crystal structure. The overall model quality was confi rmed based on the U dock score of the model and calculated distances between the 6-OH of the glucose molecule in quercetin 3-Oglucoside and the C1 ′ atom of UDP-glucose, and between the 6-OH and the ε -N atom of His24, in spite of the low sequence identity (18 % ) between CaUGT3 and VvGT1 ( Fig. 5 ) . Comparison of the acceptor-binding pocket between CaUGT3 and VvGT1 reveals that the former enzyme provides a wider space to the acceptor substrates than the latter, which allows the accommodation of glucoseconjugated substrates. The residues His125 and Asn206 seemed to contribute to providing the wide acceptor pocket in CaUGT3 compared with the corresponding amino acid residues Phe121 and Phe200 in VvGT1 ( Fig 6A, B ) . The point mutant His125Phe showed a drastic decrease in the catalytic activity, while the Asn206Phe mutant exhibited an 80 % decrease in activity, indicating that His125 plays a more important role than Asn206 in accommodating the acceptor substrates ( Table 2 ). In fact, a homology-based model of the His125Phe mutant protein revealed no space large enough to accommodate quercetin 3-O -glucoside in the pocket ( Fig. 6C ). The homology-based model of CaUGT3 revealed the additional function of His125 that contributes to acceptor stabilization in the active site through hydrogen bond formation with 4-OH of a glucose molecule of acceptor substrates, which was confi rmed by the site-directed mutagenesis indicating that the His125Asp mutation led to a drastic decrease in the catalytic activity whereas the His125Asn mutant exhibited 10 % catalytic function compared with CaUGT3. The important function of His125 is supported by the sequence alignment data indicating that the amino acid in the particular position is phenylalanine in the three crystallized sugar-aglycone glycosyltransferases (VvGT1, UGT71G1 and UGT72B1) and asparagine in the other modeled sugar-sugar glycosyltransferase (UGT94B1) ( Fig. 6D ) , and is consistent with a previously described result that the Asn123Ala mutation of UGT94B1 decreased the enzymatic activity ( Osmani et al. 2008 ) . Furthermore, the acceptor-binding pocket of the CaUGT3 model docked with quercetin 7-O -glucoside indicates that the distance between the 6-OH of the glucose molecule in the 7-O -glucoside and the C1 ′ atom of UDP-glucose is much longer compared with quercetin 3-O -glucoside as shown in Fig. 8 . This may explain that k cat for the fl avone 7-O -glucoside is smaller than the corresponding fl avonol 3-O -glucose in spite of the decrease in K m . Although in vitro characterization indicated that CaUGT3 is a fl avonoid glucoside 1,6-glucosyltransferase, its in vivo function has still remained unsolved. We explored the fl avonoid constituents in the leaves of C. roseus because CaUGT3 is expressed specifi cally in the leaves. Several fl avonoid glycosides including 3-O -(2,6-di-O -α -rhamnosyl)-β -galactosides of kaempferol and of isorhamnetin were isolated and identifi ed, while no fl avonoid gentiobioside has been detected so far (data not shown). We also compared HPLC profi les of phenolic constituents between MJ-treated and untreated suspension cultures of C. roseus because expression of CaUGT3 is strongly up-regulated by addition of MJ to the cultures. However, no apparent difference in HPLC profi les was detected between these two cultures (data not shown). CaUGT3 may be involved not in biosynthesis of fl avonoid glycosides but in detoxifi cation of xenobiotics because it can catalyze the glucosyl transfer toward not only fl avonoid glucosides but also some other phenolic glucosides such as curcumin glucoside and sesaminol glucoside and because conjugation of the second glucose residue to phenolic glucosides drastically enhances the water solubility ( Kaminaga et al. 2003 ).
Previously we purifi ed UCGGT from C. roseus cell suspension cultures and showed that the UCGGT activity was upregulated by MJ addition to the cultures ( Oguchi et al. 2007 ). CaUGT3 also glucosylated curcumin 4 ′ -O -glucoside, and its expression in the cultured cells of C. roseus was induced by MJ treatment. However, UCGGT exhibited glycosyl transfer activity with UDP-galactose as a sugar donor, although the relative specifi c activity was 26 % of that with UDP-glucose. In contrast, CaUGT3 exhibited no activity with UDPgalactose. Furthermore, a partial amino acid sequence of UCGGT we recently obtained was not consistent with the deduced amino acid sequence of CaUGT3 (data not shown). These results suggest that CaUGT3 is not UCGGT.
In conclusion, we isolated and characterized a novel UDPglucose:fl avonoid glucoside 1,6-glucosyltransferase, CaUGT3, from C. roseus . We also identifi ed, by homology modeling, a structural key amino acid in the acceptor-binding pocket, which allows the accommodation of fl avonoid 3-O -glucosides as acceptor substrates. The present results provide basic information for understanding and engineering the catalytic function of sugar-sugar glycosyltransferases which contributes to the chemical and physiological diversity of fl avonoid glycosides.
Materials and Methods
Plant material
Catharanthus roseus cell suspension cultures were maintained as previously described ( Oguchi et al. 2007 ). The C. roseus plants were grown from seeds and cultivated under natural conditions.
Chemicals
Kaempferol 3-O -gentiobioside and fl avonoid 3-O -glucosides were kindly provided by Dr. T. Iizuka, Hoshi University and Mr. R. Shimizu, San-Ei Gen F.F.I., Inc., respectively. Sesaminol 2-O -glucoside and gentiobioside were kindly provided by Dr. Y. Fukui of Suntory Ltd. Quercetin 3-O -gentiobioside and curcumin glucosides were from our laboratory stock. All other chemicals were of commercial reagent grade quality. UDP-rhamnose was prepared essentially as described previously ( Kamsteeg et al. 1978 ) from cherry ( Cerasus × yedoensis ) leaves.
Screening of glucosylation of quercetin
MJ was dissolved in dimethylsulfoxide (DMSO) added to the cultures through membrane fi lters at a fi nal concentration of 250 µM 3 d after cell inoculation. Quercetin dissolved in DMSO was added to the culture through a membrane fi lter at a fi nal concentration of 0.5 mM 48 h after MJ addition. The cells were collected by vacuum fi ltration at the defi ned times, immediately frozen in liquid nitrogen, and stored at -80 ° C until use. The frozen cells (approximately 1 g) were extracted with 4 ml of methanol by sonication.
The LC-MS analyses of the methanol extracts were carried out using a QUATTRO Premie XE mass spectrometer (Waters, Milford, MA, USA). A COSMOSIL 5C18-AR-II column (2 mm × 150 mm; Nacalai Tesque, Kyoto, Japan) was used for LC separation using buffer A (0.1 % formic acid) and buffer B (acetonitrile) and the following elution profi le (0 min, 10 % B; 5 min 10 % B; 35 min 25 % B; 40 min 80 % B; 45 min 80 % B) using linear gradients in between the time points. The column eluent was coupled to an electrospray ionization (ESI) ion source with negative ionization mode with the following setting; desolvation temperature was 400 ° C, capillary spray 3 kV, source temperature 120 ° C and cone voltage 55 V. The mass spectrometer scanned from m / z 100 to 1,100.
PCR cloning of glycosyltransferase cDNAs
Cloning of glycosyltransferase cDNAs was performed essentially as described earlier ( Kaminaga et al. 2004 ) unless otherwise specifi ed. The fi rst PCR was carried out using a T3 forward primer and HC reverse degenerate primer (5 ′ -SWRTTVMAICCRCARTGIS) designed based on the highly conserved amino acid sequence HGC(W/F)NS in the PSPGbox. The second PCR was carried out using the same forward primer and GC reverse degenerate primer (5 ′ -CCRC ARTGISWIAVRAAISMICC) designed on the G(C/G/A)F(V/L) (S/T)HCG sequence in the PSPG-box. Their 3 ′ ends were amplifi ed with a T7 reverse primer specifi c to the λ ZAP II vector and forward primers specifi c to the fragments. When the fragments had an incomplete ORF their 5 ′ ends were obtained using a rapid amplifi cation of cDNA ends (RACE)-PCR (BD SMART ™ RACE cDNA Amplifi cation Kit; BD Biosciences Clontech, Hidelberg, Germany). The nucleotide sequences of other primers used in the RACE-PCR are available in Supplementary Table S1 . Full-length cDNAs were cloned into pCR2.1-TOPO vector (Invitrogen, Carlsbad, CA, USA). The nucleotide sequences of cDNA fragments were determined with a BigDye terminator cycle sequence kit (Applied Biosystems, Foster City, CA, USA) using a 3100 Genetic Analyzer (Applied Biosystems).
Heterologous expression and purifi cation of recombinant proteins
The full-length cDNAs were amplifi ed by PCR with KOD -plus DNA polymerase (Toyobo, Osaka, Japan). The nucleotide sequences of the PCR primers are shown in Supplementary  Table S2 . PCR products were subcloned into the pCR2.1-TOPO vector to confi rm the sequence, and then into the pQE-30 or pQE-31 vector (Qiagen, Valencia, CA, USA), after digestion with appropriate restriction enzymes, to create N-terminal fusion proteins with a His 6 tag. Escherichia coli strain JM 109 was used as a host for expression. Transformed cells were cultivated at 37 ° C until the A 600 reached 0.6. After incubation at 18 ° C overnight, the cells were harvested and sonicated in 50 mM sodium phosphate buffer, pH 8.0, containing 300 mM NaCl and 10 mM imidazole to obtain soluble enzyme preparation. The recombinant protein was affi nity purifi ed on an Ni-NTA-agarose matrix (Qiagen) according to the manufacturer's instructions.
Enzyme assay
The standard reaction mixture (50 µl) contained 50 mM Tris-HCl pH 7.5, 2 mM UDP-sugar (UDP-glucose, UDPgalactose, or UDP-glucuronic acid) or 5 µl of UDP-rhamnose preparation, 500 µM acceptor substrates and the enzyme preparation. The reaction was incubated at 30 ° C for 10, 30 or 120 min and terminated by the addition of 100 µl of methanol. After centrifugation at 12,000 × g for 10 min, the reaction products were analyzed by HPLC and the elution was monitored by a photodiode array detector. The HPLC conditions for fl avonoids, curcumin derivatives and various phenolic glucosides were as described previously ( Oguchi et al. 2007 ). The HPLC condition for sesaminol-2-O -glucoside was as reported by Noguchi et al. (2008) .
The LC-MS analysis of quercetin glucosides was carried out as described above with the following elution profi le (0 min, 15 % B; 26 min 52 % B; 29 min 100 % B; 33 min 100 % B) and NMR spectra were recorded in deuterated methanol using the Brucker ABANCE 600 (Brucker biospin, Bremen, Germany).
The LC-MS analysis of curcumin glucosides was carried out using a QUATTRO II mass spectrometer (Waters). A Cadenza CD-C18 column (2 mm × 75 mm; Imtakt, Kyoto, Japan) was used for LC separation. Each sample was eluted with 50 % MeOH at a fl ow rate of 0.2 ml min -1 . The column eluent was coupled to an ESI ion source with negative ionization mode. A 3 kV capillary voltage and a 150 V core voltage were applied. The mass spectrometer scanned from m / z 100 to 1,100.
Enzyme kinetics
To determine kinetic parameters, enzyme assays were performed in duplicate at each substrate concentration with 1-5 µg of the purifi ed enzyme at 30 ° C for 5 or 10 min. The substrate concentrations used were 0.05-1.25 mM fl avonoids or curcumin glucosides with UDP-glucose at 2 mM for acceptor kinetics, and 0.1-2.5 mM UDP-glucose with quercetin 3-O -glucoside at 0.5 mM for donor kinetics.
Homology modeling and docking simulation of CaUGT3
A homology model of CaUGT3 was constructed using the MOE-Homology feature of the molecular operating environment (MOE) software (version 2007.09; Chemical Computing Group, Montreal, Canada) on the basis of the crystal structure of the V. vinifera VvGT1 structure (PDB codes 2C1Z) as template ( Offen et al. 2006 ) . The alignment of CaUGT3 and VvGT1 was obtained with the sequence alignment feature of MOE (MOE-Align) using the blosum62 substitution matrix. Active sites in the model of CaUGT3 were identifi ed by using the 'alpha site fi nder' module of MOE. The acceptor substrate, quercetin 3-O -glucoside or 7-O -glucoside, and the donor substrate, UDP-glucose, were docked into the model by using the program ASEDock ( Goto et al. 2008 ).
General molecular procedures
Site-directed mutagenesis was performed as described earlier ) The PCR primers used for the sitedirected mutagenesis are listed in Supplementary Table S3 . A phylogenetic tree was generated from a multiple alignment by the CLUSTALW program implemented in MEGA version 4 ( Tamura et al. 2007 ) by using the neighbor-joining method of the same program. Northern blotting and reverse transcription-PCR were performed as described previously ( Kaminaga et al. 2004 ) with digoxigenin-labeled probes and oligonucleotide primers, respectively (Supplementary Table S4 ).
Supplementary data
Supplementary data are available at PCP online.
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